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We report a comprehensive neutron scattering study on the spin excitations in the magnetic
Weyl semimetal Co3Sn2S2 with quasi-two-dimensional structure. Both in-plane and out-of-plane
dispersions of the spin waves are revealed in the ferromagnetic state, similarly dispersive but damped
spin excitations persist into the paramagnetic state. The effective exchange interactions have been
estimated by a semi-classical Heisenberg model to consistently reproduce the experimental TC and
spin stiffness. However, a full spin wave gap below Eg = 2.3 meV is observed at T = 4 K, much larger
than the estimated magnetic anisotropy energy (∼ 0.6 meV), while its temperature dependence
indicates a significant contribution from the Weyl fermions. These results suggest that Co3Sn2S2 is
a three-dimensional correlated system with large spin stiffness, and the low-energy spin dynamics
could interplay with the topological electron states.
PACS numbers: 71.55.Ak, 25.40.Fq, 75.30.Ds, 75.50.Gg
Magnetic topological materials, which combine non-
trivial band topology and magnetic order, have great
potential on fundamental physics and technology appli-
cations due to a number of exotic quantum phenomena
such as quantum anomalous Hall effect, topological axion
state and chiral Majorana fermions, etc [1–6]. In recent
years, more and more intrinsic magnetic materials have
been theoretically predicted as magnetic Dirac semimet-
als (DSMs), Weyl semimetals (WSMs) and topological
insulators (TIs) [7–14]. Though a few of them were ex-
perimentally confirmed for now [4, 5, 15, 16, 19–24], their
spin dynamics and the interplay with topological electron
states are far away from being well understood [25, 26].
Specifically in ferromagnetic WSMs, the Weyl nodes
serve as the magnetic monopoles of the Berry curvature,
which leads to the intrinsic anomalous Hall effect (AHE)
in bulk transport properties [27–29]. At the same time,
these Weyl nodes can also affect the spin wave disper-
sions, since around Weyl nodes the spin operators and
the current operators are in one-to-one correspondence,
which builds up the direct connection between spin dy-
namics and AHE [19, 31]. For example, in a magnetic
WSM candidate SrRuO3, the impact of Weyl points in-
duces a nonmonotonous temperature dependence of the
anomalous Hall conductivity (AHC) σxy(T ), which can
be also traced both in the spin wave gap Eg and its stiff-
ness D [21, 31]. Such results are distinct from the con-
ventional ferromagnetic metals, where their spin waves
are usually either gapless in the weak correlation limit,
or show a monotonous spin gap following the magnetic
order parameter in the strong correlation limit with spin-
orbit coupling (SOC) [19]. Careful investigations on the
energy dependence of spin excitations below and above
the Curie temperature (TC) can provide important infor-
mation about the spin-spin interactions and correlations
concerning their crucial roles in the AHE.
Co3Sn2S2 is a new experimentally verified ferromag-
netic WSM with very promising topological properties
[4, 5, 19–21]. It is a Shandite compound in a rhom-
bohedral structure (space group: R3m) with quasi-
two-dimensional (quasi-2D) Co3Sn layers sandwiched be-
tween S atoms [33, 34]. The magnetic Co atoms arrange
on a kagome lattice in the ab-plane with about 0.3 µB/Co
ordered moments aligned along c−axis below TC = 177
K [Fig. 1(a)] [2, 11, 13]. There are three pairs of Weyl
nodes in the first Brillouin zone close to Fermi level [Fig.
1(b)], as evidenced by the surface Fermi-arcs and lin-
ear bulk band dispersions from spectroscopic experiments
[4, 5, 11, 19, 20]. With the considerably enhanced Berry
curvature from its band structure [Fig. 1(c)], a record
of large AHC is found up to 1,130 Ω−1cm−1 with strong
temperature dependence approaching TC [5, 38].
Here in this paper, we report a comprehensive neutron
scattering study on the Co3Sn2S2 single crystals by mea-
suring the spin excitations up to 18 meV both in the fer-
romagnetic and paramagnetic states. Both in-plane and
out-of-plane dispersions are found, suggesting the mag-
netic interactions are actually three-dimensional (3D) in
despite of its quasi-2D lattice structure. The paramag-
netic excitations above TC (T = 200 K) show similar
dispersions but damped intensities. Theoretical calcula-
tions on the effective exchange couplings well reproduce
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FIG. 1: (a) Crystal and magnetic structure in Co3Sn2S2. (b)
The location of Weyl points in Brillouin zone along the z axis.
(c) The dispersion of Weyl Hamiltonian on the kx = 0 plane.
(d) and (e) Temperature dependence of magnetization and
resistivity. (f) and (g) Temperature dependence of the peak
intensity at Q = (1, 0, 1), and the deduced ordered moment
m in comparison with the anomalous Hall conductivity σAH .
(h) Spin excitations at 6 meV along [0, 0, L] direction. The
red lines are two-gaussian-fitting based on L = 3 data and
normalized by the magnetic form factor for L = 6 and 9. The
horizontal bars mark the calculated instrument resolution.
the experimental TC and large spin stiffness, but give a
magnetic anisotropy energy (∼ 0.6 meV) much smaller
than the spin wave gap Eg =2.3 meV observed at T = 4
K. Further analysis on the temperature dependence of the
gap suggests a significant contribution from AHC. There-
fore, Co3Sn2S2 is a moderately correlated ferromagnet,
where the conducting electrons related to Weyl fermions
are deeply involved into its spin dynamics.
We prepared high quality Co3Sn2S2 single crystals us-
ing the flux method as reported before [39]. The zero-
field-cooling magnetization and resistivity show a clear
ferromagnetic transition at TC = 174 K, and another
anomaly at TA = 136 K [Fig. 1(d)(e)], which may be
related to the forming of another in-plane antiferromag-
netic order [14, 15]. The huge anisotropy of magnetiza-
tion between B ‖ c and B ‖ ab geometry confirms the
c−axis polarized magnetism [2, 11, 13]. Neutron scatter-
ing experiments were carried out using a thermal triple-
axis spectrometer Taipan and a cold triple-axis spectrom-
eter Sika at Australian Centre for Neutron Scattering,
ANSTO, Australia [6, 7]. For Taipan experiment, the fi-
nal neutron energy was fixed as Ef = 14.87 meV, with
a pyrolytic graphite filter, a double focusing monochro-
mator and a vertical focusing analyzer. About 1.5 grams
single crystals of Co3Sn2S2 were co-aligned by hydrogen-
free glue on several thin aluminum plates. For Sika ex-
periment, the final energy was chosen as Ef = 5 meV
with a cooled Be filter, a double focusing monochroma-
tor and a flat analyzer. A large piece of single crystal
with mass about 7.6 grams was used. We defined the
scattering plane [H, 0, 0] × [0, 0, L] using hexagonal unit
cell where a = b = 5.352 A˚, c = 13.095 A˚, α = β = 90◦,
γ = 120◦, and Q = Ha∗ +Kb∗ +Lc∗, where H, K, and
L are Miller indices. Thus the d−spacing is given by:
dHKL = 1/
√
4(H2 +HK +K2)/3a2 + L2/c2 [44]. The
instrument resolution is calculated by ResLib [45].
We have first performed elastic neutron scattering
measurements on a Bragg peak at Q = (1, 0, 1), where
the nuclear scattering is weak. The integrated intensity
of (1, 0, 1) peak shows a clear ferromagnetic transition
at TC = 175 K, consistent with the magnetization results
[Fig. 1(f)]. The ordered moment M can be estimated by
comparing the intensity between the magnetic scattering
and nuclear scattering [9, 39], giving 0.28± 0.02 µB per
Co atom at the base temperature T = 8 K. The weak or-
dered moment is consistent with previous report on pow-
der neutron diffraction experiments [11] and reflects its
itinerant and semi-metallic character, where both holes
and electrons contribute to the Fermi surfaces [4, 5, 11].
The magnetic order parameter M(T ) follows similar tem-
perature dependence as AHC except a discrepancy from
T = 50 K to 150 K, because the intrinsic AHC is mostly
determined by the Berry curvature at low temperatures
away from TC [Fig. 1(g)] [5]. The critical exponent β is
determined to be 0.21±0.04 by fitting the magnetic order
parameter using M(T ) = M0(1 − T/TC)β for a second
order magnetic transition [red line in Fig. 1(g)].
As neutron scattering cannot actually approach the
primary ferromagnetic excitations centering around Q =
0 at finite energy transfer [47], we instead seek the mag-
netic excitation signal along Q = (0, 0, L), and mea-
sure the background at Q = (±0.3, 0, L) or (±0.5, 0,
L) at identical energies [39]. Fig. 1(h) shows a typical
constant-energy scan at E = 6 meV and T = 8 K. Appar-
ently the signals only locally show up around L = 3, 6, 9
with two splitting incommensurate peaks, where signals
at high Q are contaminated by the phonon scattering
from Co3Sn2S2 itself and the aluminium sample holder.
We have further mapped out the spin waves by constant-
energy scans from E = 2 meV to 18 meV along both
[H, 0, 3] and [0, 0, L] directions at T = 8 K [Fig. 2(a)
and (b)]. Since there are no peaks centering Q = (0, 0, 3)
both along H and L directions at 2 meV, we tend to
consider a full spin wave gap below 2 meV even it cuts
the resolution edge of a thermal triple-axis spectrome-
ter. Above 2 meV, a steep dispersion of the in-plane
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FIG. 2: (a)-(d) In-plane and out-of-plane spin waves at T = 8
K and paramagnetic excitations at T = 200 K around Q =
(0, 0, 3). The high energy data at low Q side in panel (c)
and (d) is missing due to the scattering restriction, and the
data below 2 meV is not measured for strong contamination
from quasi-elastic scattering. (e) and (f) Dispersion of the
spin excitations obtained from two-gaussian-fitting of the raw
data. The solids lines are fitting results with q2−dependence.
spin waves along H direction is well established, while
the out-of-plane spin waves along L direction are more
dispersive and broad in peak width. The phonon signals
also show up outside the spin wave branches around 16
meV [39]. By warming up to the paramagnetic state at
T = 200 K, the spin excitations above 8 meV are heav-
ily damped, and the low-energy spin excitations below 4
meV are stronger, as the gap is closed [Fig. 2(c) and (d)].
To qualitatively compare the dispersion below and above
TC , we have carried out two-gaussian-fitting on the raw
data after subtracting the background accordingly [39].
Because we are unable to reach the band top at zone
boundary for scattering limitations, a full fitting based
on a microscopic model of spin waves is impossible by
these limited data. However, we can still roughly fit the
dispersion at 8 K by the q2−dependence: E = Eg +Dq2
(leading to a spin wave gap at 2 meV), where D ∼ S | J |
represents the spin stiffness in a ferromagnetic system
with exchange coupling J and effective spin S [Fig. 2(e)
and (f)][16]. The spin excitations at 200 K is gapless and
can be also fitted by same equation with smaller D. We
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FIG. 3: (a) Effective exchange interactions between Co atoms
in our first principle calculations. (b) Estimation of the ef-
fective correlation length of the exchange interaction energies
(main panel) and the total energy for the moment rotation
(insert) for both in-plane and out-of-plane cases.
TABLE I: Experimental and calculated results of D and TC
Experiment DH(8K) DL(8K) DH(200K) DL(200K)
(meVA˚2) (meVA˚2) (meVA˚2) (meVA˚2)
803± 46 237± 13 360± 30 169± 10
Calculation Dxx Dyy Dzz TC
(meVA˚2) (meVA˚2) (meVA˚2) (K)
945 833 656 167
summarize the fitting results of D in Table I, both in fer-
romagnetic and paramagnetic states D is quite large in
comparison with that in SrRuO3 [21, 31].
Although the Co3Sn2S2 compound is believed as an
itinerant ferromagnet below TC [4, 5], we can still esti-
mate the effective exchange couplings by viewing the or-
dered moments located on Co sites and then calculating
the total energy variation for small deviations of ground
state magnetic configuration. A semi-classical analogous
to the Heisenberg Hamiltonian can be written as
H =
∑
<i,j>
Jijeiej . (1)
Here ei,j are unit vectors point to the direction of the spin
Si,j , and Jij stands for the exchange coupling between
the ith and jth sites, as shown in Fig.3 (a). Thus we can
define the total exchange interactions between a central
Co atom and all its neighbours up to quite long range
where the exchange interaction is zero: J0 =
∑
i J0i. By
implementing the calculation of spin interactions between
one and 400 neighbouring Co atoms by using a multiple-
scattering Green function method [17], we have obtained
that J1 = −2.37 meV, J2 = −0.16 meV, J3 = −0.02
meV, Jc1 = −0.30 meV, Jc2 = −0.75 meV and Jc3 =
−0.11 meV [39]. We have to admit such calculation is
highly model dependent, however, the calculated results
can be verified by experimental data. First, the Curie
temperature is determined by: TC = 2J0〈M2〉/3kB〈M〉2,
where 〈M2〉/〈M〉2 = 1 for a classical ferromagnetic sys-
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FIG. 4: (a) Energy dependence of the spin excitations at T =
8, 200 and 300 K measured at Taipan. (b) High resolution
energy dependence of the spin excitations at T = 4, 150 and
175 K measured at Sika. (c) and (d) Constant-energy scans
for E = 2 and 2.5 meV at T = 4 K, and E = 0.3 meV at
T = 175 K. The solid lines are gaussian fittings, and the hori-
zontal bars mark the instrument resolution. (e) Temperature
dependence of the dynamic susceptibility χ′′(Q,ω) at low en-
ergy. (f) Temperature dependence of the spin wave gap and
fitting results by Eq.2 with different parameters. Insert shows
the integral intensity χ′′(ω) up to 4 meV.
tem [18]. Thus we calculate TC = 2J0/3kB = 167 K,
which is fairly close to the experimental value (175 K).
Second, the spin stiffness tensor is determined by the fol-
lowing expression:
Dαβ =
2
M
∑
j
J0jRjαRjβ , (2)
where Rjα means the α-direction component of lattice
vector Rj . By using the above Jij , we have calcu-
lated the in-plane spin stiffness and it agrees with ex-
perimental data, but the out-of-plane spin stiffness may
be overestimated in such a local moment picture (Table
I). Third, the comparable exchange couplings for out-
of-plane (Jci) and in-plane (J1,2) also support the 3D
spin waves, since the locations of ordered moments in Co
chains along c−axis do not exactly match but shift along
a−axis [Fig.1(a)]. We have further summed over all con-
tributions from the atoms having the same distance to
the central Co atom, and found all spin interactions have
an effective distance about 12 A˚ as most of them from the
nearest spins in the Co kagome unit [Fig.3(b)]. Finally,
we estimate the spin anisotropy energy by calculating the
energy difference when rotating all local moments from
ground state to the same angle within the xoz plane or
xoy plane, which is about 0.6 meV at most between two
geometries and consistent with the magnetization results
[inset of Fig.3(b)] [5, 51].
The 3D spin interactions persisting both below and
above TC with large stiffness suggest Co3Sn2S2 has a
moderate correlation and strong itinerancy to support
the dispersive excitations against temperature. Hence
the Weyl fermions related to the conduct electrons are
very likely to contribute to the low-energy spin excita-
tions. As the measurements on the temperature depen-
dent dispersions of spin waves are extremely time con-
suming in triple-axis neutron experiments, we turns to
map out the spin wave gap below TC . In Fig.4(a), with
a energy resolution ∆E = 1 ∼ 2 meV, a clear reduction
of spin excitations intensity below 4 meV can be found
at T = 8 K when we compare with T = 200 K and 300
K data. With much higher resolution (∆E ≈ 0.1 meV)
measurements, the spin wave gap is precisely determined
as a full gap below 2.3 meV at T = 4 K [Fig.4(b)], where
there is no excitation signal at E = 2 meV but a tiny
peak at E = 2.5 meV [Fig.4(c)]. It gradually closes when
warming up and finally disappears above TC [Fig.4(b)-
(e)], giving a well-defined gaussian peak at E = 0.3 meV
and T = 175 K [Fig.4(d)]. The spin wave gap is much
larger than the estimated spin anisotropy energy, possible
addition contributions can be from Weyl fermions.
Theoretically, the spin wave gap in magnetic WSMs at
q = 0 is given by Eg = K/α, where the coefficient α is the
integrand represent of the Berry phase and K measures
the spin anisotropy energy from SOC [31, 39]. α has two
contributions: one is α0 = c0/〈Sz〉 from the finite contri-
bution without SOC, and the other is α1 = λσxy, which
comes from the existence of Weyl nodes and directly re-
lates with σxy [31]. The parameter λ is determined by
the shape of Weyl cones. By introducing the normaliza-
tion factors M0 (saturated moment) and σ0 = e
2/ha0 (a0
is the lattice constant), the temperature dependence of
Eg can be described by the following phenomenological
equation:
Eg(T ) =
aM(T )/M0
1 + b(M(T )/M0)(σxy(T )/σ0)
. (3)
Here a = K〈Sz〉0/c0 and b = λσ0〈Sz〉0/c0 are nearly
temperature independent constants. Therefore, with the
contribution from Weyl fermions (b 6= 0), Eg(T ) prob-
ably deviates from the behavior of magnetic order pa-
rameter M(T ) for the involvement of σxy(T ). Although
the temperature dependence of the gap shows an order-
parameter-like behavior, accompanied by an abrupt de-
crease above TC for the integrated dynamic susceptibility
χ′′ from Eg to 4 meV [inset of Fig.4(f)], the direct fitting
based on Eg(T ) = E0(1 − T/TC)β would give an unrea-
sonable critical exponent β = 0.53 with a large discrep-
ancy for β = 0.21 deduced from the actual order parame-
5ter in Fig. 1(g). Instead, we cannot fully describe Eg(T )
either by using fixed β = 0.21 but ignore the contribution
from Weyl fermions, as shown by the green dash line in
Fig.4(f) (namely, a = 2.30 meV and b = 0 in Eq.3). Only
when we consider the involvement of σxy (which is −σAH
in Fig.1(g)), we can well reproduce the Eg(T ), as shown
by open circles in Fig.4(f), thus we have a = 0.93 meV
and b = 0.39 in Eq.3. For comparison, the parameters
a = 0.93 meV and b = 0 are also failed to fit the results.
Therefore, the Weyl topology indeed strongly interplays
with the spin dynamics. It should be noted that the co-
efficient b here in Co3Sn2S2 is positive and thus opposite
to the case in SrRuO3 with b =-9.5 or -4.98 (assuming
σxy is negative) [21, 31], which depends on the detailed
shapes of Weyl cones in these two compounds.
In summary, we have performed neutron scattering
experiments on the recently verified magnetic WSM
Co3Sn2S2. In contrast to its quasi-2D lattice structure,
the spin excitations both in the ferromagnetic and para-
magnetic states are revealed with 3D characters. Theo-
retical calculations suggest comparable in-plane and out-
of-plane magnetic exchange interactions, further estima-
tion is consistent with the experimental TC and large
spin stiffness. We have precisely determined a full spin
wave gap and its temperature dependence below TC ,
which is much larger than the spin anisotropy energy
and certainly affected by the AHC triggered by the Weyl
fermions. Our results give basic knowledge about the
spin dynamics in Co3Sn2S2 and solid evidences about
how it interplays with the topological electron states.
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7Supplementary Materials
I. SAMPLE CHARACTERIZATION
The single crystals of Co3Sn2S2 can be grown by
Bridgeman, self-flux and chemical vapor transportation
methods [1–5]. We have successfully grown Co3Sn2S2
sing crystals by flux method using Sn-Pb mixture as flux.
The starting materials of Co, Sn, S and Pb in molar ra-
tio of Co : S : Sn : Pb = 12 : 8 : 35 : 45 were put
in Al2O3 crucibles sealed in quartz tubes. The quartz
tubes were slowly heated to 400 ◦C over 6 h and held on
there over 6 h. Then further heating to 1100 ◦C over 6
h was performed with a stay for 6 h. Then the melt was
cooled down slowly to 700 ◦C over 70 h. The flux was
removed by rapid decanting and subsequent spinning in a
centrifuge. The single crystal with typical sizes 2 - 5 mm
and hexagonal edges were obtained. The naturally cleav-
ing surface was ab−plane. We co-aligned the crystals by
X-ray Laue reflection method with incident beam along
c-axis on thin aluminium plates using CYTOP hydrogen-
free glue. The neutron scattering plane was defined by
[H, 0, 0] × [0, 0, L] (Fig. S1(a)). With a clear hexagonal
pattern and bright spots along [H, 0, 0] direction (Fig.
S1(b)), we were able to align about 200 pieces of crys-
tals with total mosaic about 4◦ and total mass about 1.5
grams for Taipan experiment. The crystalline quality was
also examined by single crystal X-ray diffraction (XRD)
on a SmartLab 9 kW high resolution diffraction system
with Cu Kα radiation(λ = 1.5406 A˚) at room tempera-
ture ranged from 10◦ to 100◦ in reflection mode. Due to
the symmetry restriction of R3m space group, only (0, 0,
3l) peaks of X-ray diffraction could be found, where the
sharp peaks indicated high quality of c-axis orientation of
our samples (Fig. S1(c)). For the measurements of spin
wave gaps at Sika, we have prepared a new large sin-
gle crystal with mass about 7.6 grams, which was grown
by self-flux method [5]. The crystal was also aligned to
[H, 0, 0]× [0, 0, L] scattering plane by CYTOP hydrogen-
free glue and aluminium wires on a plate.
II. NEUTRON SCATTERING EXPERIMENTS
Neutron scattering experiments were carried out us-
ing a thermal triple-axis spectrometer Taipan and a cold
triple-axis spectrometer Sika at ACNS, ANSTO, Aus-
tralia, with fixed final energy Ef = 14.87 meV and Ef =
5 meV, respectively [6, 7]. First, the ferromagnetic order
parameter was measured by elastic neutron scattering on
a Bragg peak at Q = (1, 0, 1) with weak nuclear scat-
tering. The integrated intensity of (1, 0, 1) peak shown
in Fig.1(f) indicates a clear ferromagnetic transition at
TC = 175 K. The magnetically ordered moment of the
ferromagnetic order can be estimated by comparing the
magnetic scattering below TC and the nuclear scatter-
ing above TC . In elastic neutron scattering, the nuclear
peak intensity IN and magnetic peak intensity IM are
determined by [8–10]:
IN = ANN (2pi)
2/VN × (| FN (Q) |)2/ sin(2θN ), (4)
and
IM = ANM (2pi)
2/VM × (| FM (Q) |)2/ sin(2θM ), (5)
respectively. For simplicity, here we ignore the orbital
magnetism and spin-orbit coupling. For a ferromagnet
with ordered magnetic moments, the magnetic unit cell
is identical to the nuclear unit cell, then we have NM =
NN , VM = VN and θM = θN . The intensity difference
only comes from the nuclear structure factor FN (Q) and
the magnetic structure factor FM (Q), the latter can be
expressed as FM (Q) = (γr0/2) × fM (Q) × m × sin η ×∑
eiQ ·d, where γ is the gyromagnetic ratio of neutron,
r0 is the classical electron radius (γr0/2 = 0.2695×10−12
cm), fM (Q) is the magnetic form factor of Co, m is the
static moment, and η is the angle between the spin and
wave vector Q. For the measured Q = (1, 0, 1), we have
FN = 3.97 and fM = 0.89, sin η = 0.943,
∑
eiQ ·d=3.
then we can estimate the ordered moment in the unit of
µB/Co via:
m = 0.131
√
IM/IN | FN | / | fM |= 0.6
√
IM/IN . (6)
Considering the linear background above TC in Fig. 1(e),
the ordered moment at base temperature T = 8 K is esti-
mated about 0.28± 0.02µB per Co atom. The leakage of
high order neutrons from pyrolytic graphite filter and the
neutron absorption from Co atoms may give uncertainties
of such estimation as well. Thus it agrees with previous
results from transport measurements (about 0.3µB/Co)
within experimental errors [3–5, 11–13]. From the tem-
perature dependence of peak intensity at Q =(1, 0, 1) in
Fig.1(f), we can’t find any anomaly around TA = 136 K,
which may be related to another in-plane antiferromag-
netic order in this compound [14, 15].
For inelastic neutron scattering experiment at Taipan,
constant-energy scans (Q−scans) were performed from
E = 2 meV to 18 meV around Q = (0, 0, 3) both along H
and L directions. For all H−scans ranged [-0.52, +0.52],
the magnetic excitation signals are gaussian-like (either
single peak or two peaks) with a flat background, the
excitation intensity S(Q,ω) can be obtained by simply
subtracting the flat background determined by the data
outside the peak from −0.52 6 H 6 −0.3 and +0.3 6
H 6 +0.52 (Fig. S2(a)(c)). For L−scans ranged [1.5,
4.5], we have found the background are non-linear due to
phonon scattering from both sample and the aluminium
holder, thus we have measured the background by iden-
tical scans along [±0.3, 0, L] and further testified it by
additional scans along [0.5, 0, L] (Fig. S2(b)(d)), where
there is no magnetic scattering signal from H−scan re-
sults. The final excitation intensity S(Q,ω) of L−scans
8are obtained by point-to-point subtraction between the
[0, 0, L] scans and the average of [±0.3, 0, L] background
scans. For comparison, we mark the instrument resolu-
tion calculated by ResLib in Fig. S2, where the peak
width of L scans are much broader than the resolution,
probably due to its short range dynamic spin correlations.
We present all raw data of Q−scans in Fig. S3 and Fig.
S4 after the subtracting the background. For each H
scan, we have fitted the data by a gaussian function with
two symmetric peaks as following:
I = I0[e
−(H−δ)2/2σ2 + e−(H+δ)
2/2σ2 ]. (7)
For each L scan, the intensity of two gaussian peaks are
slightly asymmetric due to the normalization effect from
magnetic form factor f(| Q |):
I = I1[e
−(L−3−δ)2/2σ2 ] + I2[e−(L−3+δ)
2/2σ2 ], (8)
where the ratio between I1 and I2 are solely determined
by the form factor f(| Q |) [16]. The symmetric peak po-
sitions are determined by δ, which mark the dispersions
in Fig. 2(e) and (f). Although there are some supurious
signals for E = 2 meV data and a upturn at small L
side from the main beam contamination, no well-defined
peaks can be found both for H−scan and L−scan at
T = 8 K, which means the spin wave gap is a full gap
below 2 meV. The spin excitations in the form of a small
peak emerge at E = 2.5 meV which becomes gaussian-
like at E = 3 meV.
We have also found strong phonon scattering signals
forH−scans above E =14 meV outside the inelastic mag-
netic peak, which heavily contaminate the 15 meV data
and make it is impossible to fit. For this reason, we
won’t discuss the relative intensity change upon energy
above 14 meV. We have carried out additional scans from
H = 0.52 to H = 1, and E = 15 meV to 20 meV. Indeed,
the phonon scattering grows up quickly in the high Q re-
gion, and its dispersion (probably belong to two optical
branches) seems to follow H2 relationship (Fig. S5), but
much broader than the magnon dispersion.
To precisely determine the spin wave gap below TC , we
have further performed high resolution inelastic neutron
scattering experiments at Sika on a large single crystal.
With the energy transfer covering from 0.3 meV to 4
meV, we have measured the spin excitations from T = 4
K to T = 300 K. As shown in Fig.S6, here the mag-
netic scattering signals are measured at Q = (0, 0, 3) and
the backgrounds are measured by identical countings at
(±0.5, 0, 3). By point-to-point subtraction, we can ob-
tain the relative intensity for each energy scans. A clear
cutoff for all spin excitations below TC can be found,
suggesting a spin wave gap develops in the ferromagnetic
state, where the spin excitation intensity is nearly zero
below Eg. Above TC , the gap is fully closed, and only
a upturn at low energy remains. The local susceptibility
χ′′(Q,ω) shown in Fig.4(e) is obtained from the data in
Fig. S6(b1)- (b14) after removing the Bose population
factor 1/(exp(hω/kBT )−1), while the total dynamic sus-
ceptibility χ′′ in the insert of Fig.4(f) is integrated from
Eg to 4 meV.
III. CALCULATION METHOD OF SPIN
DYNAMICS PARAMETERS
Although the Co3Sn2S2 compound is believed as an itin-
erant ferromagnet below 175 K, we can still estimate the
effective exchange interactions by viewing the effective lo-
cal moments on Co atoms. The semi-classical analogous
to the Heisenberg Hamiltonian is written as:
H =
∑
<i,j>
Jijeiej . (9)
The unit vector ei points to the same direction as the
ith site magnetization. Jij stands for the exchange inter-
action energy between the ith and jth sites. For such a
classical system, one can get the total energy variation as
a function of spin rotation angle ±θ/2 on site i, j in the
scope of the multiple-scattering Green function method,
the leading order of θ is:
δEij =
1
8pi
∫ Ef
dE Im TrL{∆ˆiTˆij,↑∆ˆj Tˆji,↓}θ2. (10)
The expression of scattering path operator Tij is the fun-
damental equation of multiple scattering theory:
Tˆij = (tˆiδij − Gˆij)−1, (11)
and ∆ˆi = tˆ
−1
i,↑ − tˆ−1i,↓ is the difference between the single
site scattering matrix tˆi. The expression have already
exclude the interaction of one site with the system, only
consider the energy difference caused by i, j site.
In this perturbation method, the total energy calcu-
lation can also be obtained by the use of Andersen’s lo-
cal force theorem, which tells us that the total energy
variation coincides with the sum of one particle energy
changes. Thus, by rotating a little angle θ on the site 0
from the ground state, the energy difference is:
δE0 =
∑
j
J0j(1− cos(θ)) ≈ 1
2
J0θ
2, (12)
here J0 are defined as the effective exchange parameters
for one site feels the interaction of the whole system:
J0 =
∑
j
J0j . (13)
When we rotate two sites by θ/2, the energy difference
is:
δEij = Jij(1− cos(θ)) ≈ 1
2
Jijθ
2. (14)
9By comparing these two equations we have:
Jij =
1
4pi
∫ Ef
dE Im TrL{∆ˆiTˆij,↑∆ˆj Tˆji,↓}, (15)
for which the calculation can be implemented in the Wan-
nier basis scheme. Note that Wannier function is a nat-
ural choice of local basis sets, which coincides to the re-
quirement of the exchange Hamiltonian [17].
We calculated the interactions between one and near-
est 400 Co atoms, the nearest and next nearest in-plane
and out-plane interactions are listed below: J1 = −2.37
meV, J2 = −0.16 meV, J3 = −0.02 meV, Jc1 = −0.30
meV, Jc2 = −0.75 meV and Jc3 = −0.11 meV [Fig.3(a)].
The strongest out-of-plane interaction is about one third
of the nearest in-plane interaction, which is consistent
with the experimental data for 3D spin waves. To see
how the exchange interactions change with distance, we
summed over all the contributions from atoms have same
distance to the central Co atom, the results are shown
in Fig. 3(b). The biggest contribution comes from the
triangular structure in Co kagome layer as expected. All
out-of-plane and in-plane interactions disappear once the
distance reaches 12 A˚ due to the local moment nature of
our model.
The calculation results can be verified by estimating
the Curie temperature TC . Under the mean field ap-
proximation, the Curie temperature of a ferromagnetic
systems is given by:
TC =
2J0〈M2〉
3kB〈M〉2 . (16)
For classical ferromagnetic systems we have
〈M2〉/〈M〉2 = 1 [18], thus we can estimate the
Curie temperature by TC = 2J0/3kB , which is 167 K
and fairly close to the experimental value. We can fur-
ther estimate the spin wave stiffness, as it is determined
by the following expression:
Dαβ =
2
M
∑
j
J0jRjαRjβ (17)
where Rjα means the α-direction component of lattice
vector Rj . By using the calculated Jij , we get Dxx = 945
meVA˚2, Dyy = 833 meVA˚
2 and Dzz = 656 meVA˚
2. The
in-plane stiffness is closed to the experiment data, but
out-of-plane stiffness indicates that the calculation may
overestimate the exchange coupling along z axis.
In principle, we can estimate the spin anisotropy en-
ergy by using a general model:
H = J
∑
i,j
(Sxi S
x
j + S
y
i S
y
j +AS
z
i S
z
j ). (18)
When A = 1, the isotropy model gives degenerate ground
states for all directions, and there is no gap in the spin
wave spectrum. The nontrivial A lifts the degeneracy and
the excitation spectrum acquire a gap |J |zSA. In real
materials the anisotropy terms are much more compli-
cated, but we can check its existence instead by rotating
all local moments from ground state to the same angle,
and compare the energy difference. By rotating the lo-
cal moment on the xoz plane, the system acquire energy
gradually, and reach the peak when the local moment
point to x axis. The energy difference to the ground state
is about 0.6 meV. As a comparison, the energy difference
is two orders of magnitude less when we rotating the lo-
cal moment in the xoy plane [insert of Fig.3(b)]. These
results indicating an non-negligible anisotropy term on
Szi S
z
j , which may contribute to the spin wave gap.
IV. SPIN WAVE GAP IN MAGNETIC WEYL
SEMIMETALS
The spin wave excitation in a ferromagnetic metal is de-
veloped by Onoda et al. [19] and applied to SrRuO3 case
by Itoh et al. [20], lately confirmed by a single crystal
neutron scattering experiment on SrRuO3 [21]. Here we
repeat derivation of Eq.2, which is a general model and
can be applied to Co3Sn2S2 as well.
In the weak correlation limit, the spin wave disper-
sion is determined by the RPA-type spin susceptibility
χ+−(q, ω) of electrons as shown below [22]:
χ+−(q, ω) =
χ+−0 (q, ω)
1− Uχ+−0 (q, ω)
, (19)
where the bare susceptibility without electron-electron
interaction is given as
χ+−0 (q, ω) =
∑
k
f(ε↑(k))− f(ε↓(k))
ε↑(k)− ε↓(k+ q)− ~ω . (20)
By solving the equation 1 = Uχ+−0 (q, ω), one can ob-
tain the spin wave dispersion ω(q), and the electron cor-
relation is determined by the energy distribution of up
and down spins: U = (ε↓(k) − ε↑(k))/(2〈Sz〉). When
the spin-orbit interaction in the electronic band struc-
ture is included, we then have a more complex form for
χ+−0 (q, ω):
χ+−0 (q, ω) =
∑
k,n,m
f(εn(k))− f(εm(k+ q))
εn(k)− εm(k+ q)− ~ω
× 〈nk|S+|mk+ q〉〈mk+ q|S−|nk〉,
(21)
where n,m are the band indices including the pseu-
dospin. the zero-th term from the expansion with respect
to ω and q of above equation gives the spin anisotropy
K = χ+−(0, 0)−χzz(0, 0), which is basically independent
of T near TC and adds the gap Eg = K〈Sz〉 to the spin
wave dispersion ω(q). After applying the Vienna ab-initio
simulation package (VASP) [23] to the first principle cal-
culation, we have found such anisotropy can solely induce
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a spin wave gap about 1.45 meV, which is higher than
the former estimated spin anisotropy energy (0.6 meV)
in the insert of Fig.3(b) but still lower than the experi-
mental value (2.3 meV).
Now we consider the spin wave gap in a magnetic Weyl
semimetal with contributions from Weyl fermions. The
effective action A for the spin fluctuation field Sα is ob-
tained by integrating over the electronic degrees of free-
dom as [19]:
A =
∑
q,ω,αβ=x,y,z
χαβ(q, ω)Sα(q, ω)Sβ(−q,−ω), (22)
where χαβ(q, ω) = 〈σα(q, ω)σβ(−q,−ω)〉 is the correla-
tion function of the conduction electron spin σα. The
spin wave gap locally emerges at q = 0, then we have:
A0 =
1
2
∫
dt{α[(dSx/dt)Sy − (dSy/dt)Sx]
−K[(Sx)2 + (Sy)2]},
(23)
where the coefficient α is the integrand represent of the
Berry phase: α = χxy(0, ω)/iω = 〈σx, σy〉/iω. α consists
of two terms: the first term α0 = c0/〈Sz〉 contributed
from the bands not largely influenced by the spin-orbit
interaction, and the second term α1 = λσxy contributed
from the Weyl fermions and proportional to the anoma-
lous Hall conductivity (σxy) [20]. λ can be deduced from
the model Weyl Hamiltonian written as:
H =
∑
ab
gba(kb − k0b)σa. (24)
Here, k0 represents the location of the Weyl points in
momentum space. The current operator jb is related to
the spin operator σa by jb = e
∑
a gbaσ
a after replacing
k with k+ eA in above Hamiltonian. In detail, we have
〈σx, σy〉 = 1
e2
(g−1xx g
−1
yy − g−1yx g−1xy )〈jx, jy〉
+
1
e2
(g−1yx g
−1
zy − g−1zx g−1yy )〈jy, jz〉
+
1
e2
(g−1zx g
−1
xy − g−1xx g−1zy )〈jz, jx〉,
(25)
and there is no contributions coming from σxz and σyz in
Co3Sn2S2 case, which yields 〈jy, jz〉 = 〈jz, jx〉 = 0. Then
we have λ = e−2(g−1xx g
−1
yy − g−1yx g−1xy ), which is slightly
different from the SrRuO3 case [20]. By taking the vari-
ational derivative of A0 with respect to S
x and Sy, one
can derive the equation of motion and obtain the spin
wave gap as:
Eg = K/(c0/〈Sz〉+ λσxy). (26)
By introducing the normalization factors M0 (saturated
moment at T = 0 K) and σ0 = e
2/ha0 (a0 is the lat-
tice constant), the temperature dependence of Eg can be
alternatively described by the following equation:
Eg(T ) =
aM(T )/M0
1 + b(M(T )/M0)(σxy(T )/σ0)
, (27)
with a = K〈Sz〉0/c0 and b = λσ0〈Sz〉0/c0 (note
〈Sz(T )〉/〈Sz〉0 = M(T )/M0). Therefore, with the contri-
bution from Weyl fermions (b 6= 0), Eg(T ) probably de-
viates from the magnetic order parameter M(T )/M0 =
(1− T/TC)β .
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(c)
[0 0 L] [H 0 0]
[H 0 0]
Co3Sn2S2
FIG. S1: (a) Photos of the co-aligned Co3Sn2S2 crystals in [H, 0, L] scattering plane for our neutron experiments. (b) X-ray
Laue reflection pattern of Co3Sn2S2 single crystal at room temperature. The high symmetry direction [H, 0, 0] is indicated by
the red arrow. (c) X-ray diffraction pattern for Co3Sn2S2 single crystal with incident beam along c−axis.
(a) (b)
(c) (d)
FIG. S2: Raw data for constant-energy scans at E = 6 and 11 meV, T = 8 K. (a) and (c) The background (red dashed lines)
for H−scans are flat for −0.52 6 H 6 +0.52. (b) and (d) The background (red dashed lines) for L−scans are determined by
identical scans along [±0.3, 0, L] and testified by additional scan along [0.5, 0, L], where there is no magnetic scattering signal
from H−scan results. The horizontal bars are the instrument resolution calculated by ResLib.
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FIG. S3: Two-gaussian-fitting results for all [H, 0, 3] scans both at T = 8 K and 200 K. A flat background is already subtracted
before the fitting, and the phonon scattering at high Q is ignored above 14 meV.
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FIG. S4: Two-gaussian-fitting results for all [0, 0, L] scans both at T = 8 K and 200 K. All background are subtracted by
identical scans along [±0.3, 0, L], and the upturn at low Q due to the tail of main beam is ignored for E = 2, 3, 4, 5 meV.
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FIG. S5: Color mapping for the inelastic scattering from E = 10 meV to 18 meV. The dashed lines mark the phonon dispersions
with H2 dependence.
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FIG. S6: High resolution energy scans measured at the cold triple-axis spectrometer Sika. (a1) - (a14) Raw data for energy
scans from T = 4 K to T = 300 K, where the magnetic scattering signals are measured at Q = (0, 0, 3) and the backgrounds are
measured by identical countings at (±0.5, 0, 3). (b1) - (b14) Magnetic excitation intensities after subtracting the backgrounds
from T = 4 K to T = 300 K, where the spin wave gap is marked in each panel below TC = 175 K.
